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Abstract

A recordluminosity of
�����������

hasbeenreachedat the
Fermilab 	�

�	 collider. The lifetime of this luminosity
at the beginning of the storeis about 9 to 10 hours. This
lifetime canbeexplainedby themeasuredlossof antipro-
tonsandprotons dueto collisionsandemittancegrowths.
We report on transverseemittancegrowth ratesbasedon
our Synchrotron Light Monitor. Longitudinal emittance
growth ratemeasurements arebasedon the TeV Sampled
BunchDisplay data. It is shown that Intra BeamScatter-
ing is a significantsource of emittancegrowth. We com-
mentonotherpossiblefactorsfor theseobservedemittance
growth rates. Finally, we comment on future luminosity
lifetimes,aswehopeto furtherincreaseourpeakluminos-
ity.

INTRODUCTION & INSTRUMENTATION

The luminosity lifetime is a critical factor in reaching
high integratedluminosity at any collider[1]. In this pa-
per, we summarize the resultsbasedon various Tevatron
instrumentson the various factorsdetermining the lumi-
nositylifetime for the 	������	 Tevatroncollider.

The luminosity is measuredby the CDF Cerenkov Lu-
minosityCounter(CLC)[2]. Thebunchintensitiesaremea-
suredby the Fast Bunch Integrator (FBI) connectedto a
wall currentmonitor [3] Although this is not theoptimum
way to determine the bunch intensitydueto uncertainties
in themeasured offsetscomingfrom thenon-unform beam
structure,theprecisionof this device is adequateto estab-
lish the correlationsshown below. The SampledBunch
Display(SBD) [4] is usedto measurethelongitudinalpro-
file of everybunchin theTevatron ring. This devicessam-
plesat 2 GHz, performs Gaussianfits andreports a mea-
surementof thebunchlengthfor the ������� bunchesevery
3 seconds or so. The transverseemittancesaremeasured
at the beginning of the High Energy Physicsphase(e.g.,
when the beamcollides) with the Flying Wire[5] These
wires createbackground at theexperiments,so we do not
fly themduringthestores.Instead, weusetheSynchrotron
Light Monitor (SyncLite)[6], which measuresthe trans-
versebeamprofile in eachplaneswithout perturbing the
beams.This device reports eachbunchtransversesizeev-
ery15seconds.Theemittancesreportedby FW andSL are
reproduciblewith a typical rmsof a few percent.However,
thesystematicerroror absolutescaleuncertainty, is much
large, of the orderof 20 to 30%, as indicatedby the ef-
fectiveemitancemeasurementcoming from theluminosity

counters1.
Thedatais collectedvia theSequencedDataAcquisition

system[7] The storeswe considerhereare from August
2002throughMarch2003.

LUMINOSITY LIFETIME

The Luminosity � recorded by the collider detectors
(CDF and D0) can be compared to the computed ones
basedon bunch intensitiesand emittances[8]. The nor-
malizedcollision ratechangevs time for a given pair of
bunches (or the inverseof the luminosity lifetime) canbe
expressedasthefollowing sum:� �������������! � ��"$#!% � "�&'%��(��)$#(*+��),#������.-/�0* ��� %21.&��31�#4-$%����) & *+��) & �����.-/��* ��� %51 # ��1 & -6% � �378��79�3���

where " # , " & aretheantiproton andproton bunchinten-
sity lifetimes,respectively. ) # and ) & arethebeamwidths,
averagedover both transverse planes2 and 1 # and 1 & are
thetransverseemittances.F is thehourglassfactor, derived
from theSBD bunchlengthmeasurements.

Eachof thesetermscanbe determined from data. The
protonlifetime canbe muchshorterthanthe inversecol-
lision ratedueto poormachine tuning(slightly misplaced
collimatorsor orbits, betatron tunesor chromaticities).For
other“goodstores”,theproton lifetime is thesmallestcom-
ponenentin determining this lumisositylifetime: the �	 life-
time is typically 16 hours against :<; �4���

hours for the
protonbeam.Theemitancetermscontributeto :=��> hours
( �	 and 	 ) in all threeplanes.The self consistency of this
simplederivationhasbeencheckedby comparingthemea-
suredluminosity lifetime to the sumof theseotherquan-
tities, as shown on figure 1. Although reasonably good
agreement is obtained(5 to 15%,relative,on theluminos-
ity lifetime), theeffective emittancegrowth is significantly
largerthanthemeasured(SL) emittancegrowth rates.

/

OBSERVATIONS OF EMITTANCE
GROWTH AND INTRA BEAM

SCATTERING (IBS)

We now concentrate on the proton emittancegrowth
rates. This growth rate ?�@A � ��1,��1B�����C �!?�DE ���3)2�()F����� is typically a few percent perhour, in all three

1Wedeinfinetheeffectiveemittanceas G HJIBILK�MONQPFNSRUT�VXW�Y!Z0[0\^]
2Weassumeherethatthehorizontal andvertical emittancearenot too

differentfrom eachother, which is thecase.



Figure1: Correlationplot betweenthepredicted(basedon
various emittance andintensitydetectors)vs measuredlu-
minosity lifetime. Onedatapoint correspondsto one _�`_
bunchin a given store.This datawastakenduring August
2002. Similar resultshavebeenobtainedonrecentstores.

planes,atthebeginningof thestore. a0b itself decayswith an
approximatehalf-life of 5 hours. Thegrow ratesreported
from now on have beenmeasured for the first c0d e hours
of the stores.The correlation betweenthe horizontal and
longitudinal growth ratesshown on figure2 is statistically
signficant,although thereis a lot of fluctuations bunchto
bunchandstoreto store.A similarcorrelation betweenthe
verticalandhorizontalgrowthrateshasalsobeenobserved.

Figure 2: Correlation plot betweenthe longitudinal and
horizontal relativebunchsizegrowth rates.Outof 15store,
only two of themshowednocorrelation. For all others,the
probability that no suchcorrelation existed is only a few
percent,for eachstore.

We now show that theseobserved a bJfhg3i jUi kml growth rates
are qualitatively and semi-quantatively consistent with
IBS. Following this theory[1], wecompute thesequantities
taking into account theproper averaging of thedispersion
andbetatron function, including thestraightsections.For
elliptical beams,theemittancegrowth ratein thehorizontal
planeis (in theultra-relativistic regime):n a4boi g!pqga4boi jQpqj5rts uwvFx6y a�zy�{9|,}�~��� c�d��^�!����� g � j�� � zg9� � zj

n������� r
where u v is thecoulomb logarithm, takenin this calcu-

lation to be28.108. x y is thenumberof protons perbunch
at low beta,s � d�� �����q� . � is theLorentz relativistic factor,
1045. a y is the classicalradiusof the proton,

� d�e3� �4�^�^�.�
mm. � � , thermsbunchlength, expressedin sec( s c ns).��g is theeffectivehorizontalbeamsize(Gaussian� ), aver-
agedover theentirering, respectively, takento be:� gO� � � pq� i g��$g�i }�~�� � ��� z}�~ � z� �pq� i g is thermsgeometricalemittance.Thus, � g includes
the contribution dueto dispersion. The lattice beta � g�i }�~anddispersion� z}�~ functionsareaveragedover theentire
lattice. �$j is thevertical beamsize,averagedover theen-
tire ring. � g , � j is theangular spreadof thebeam(one � ),
excluding thecontributionfrom dispersion, onceagain,av-
eragedover the entire ring, in the horizontal andvertical
planes,respectively.

�
is the IBS transversecoupling fac-

tor. {9| }�~ is length-wiseaverageof thefollowingcombined
Twissfunction,� zg�� �+� g!�$g �¡  g � g � z�$g

Likewise,longitudinally, we have,

a boi k��£¢ p�¤p ¤ ¢�¥ � u¦v§x6y a zy�¨ z¤��� c�d��^�!� � �$g���j � � zg � � zj
where¨ ¤ is � ����© �qª � �The comparisondata/IBSmodel is shown on figure 3.

Onceagain, the correlation betweenpredicted and mea-
suredvaluesis statisticallysignficant,oncewe reject the
storeor bunches for which the proton lossrateis anoma-
louslyhighcomparedto theexpectedlossdueto collisions
at B0 andD0. Thecausefor suchoccasionalshortproton
lifetime is not known for certain(slightly incorrect tunes,
non-linearresonancewhoseeffectsarepossiblyamplified
by beam-beam).In absenceof betatroncoupling, IBS pre-
dictsnogrowth ratein theverticalplane.Sincewearerun-
ningwith significantcoupling (

� s � d � ), emittancegrowth
is indeedobserved in bothtransverseplane.Despitethere-
ductionof thegrowthratein thehorizontalplanedueto this
coupling effect, the IBS prediction for mostof the stores
aresignficantly above themeasuredvalues, in thehorizon-
tal andlongitudinal plane. We suspectthat residualbeam



lossescouldaccount for thatdiscrepency. Notealsothatwe
still have anunresolveddiscrepency betweentheeffective
emittancegrowth rate(seeabove) andthe measured(SL)
emittancegrowth rates.

Other possiblesourceof emittancegrowth have been
considered.« The longitudinal dampers stabilizethe bunches dur-

ing thestores.They do not affect suchslow diffusion
processes.« We measurethe low-level phasenoisein ther.f. sys-
tem andwrote a simplenumerical simulationmodel
of the longitudinal dynamicswith suchnoise. The
emittancegrowth ratewasfoundto besmall( ¬®­�¯�° )
comparedto IBS predictions.« Poorvaccum n theTevatron: Theuncolaesced(small
longitudinal emittancebunches) proton beamhas a
lifetime of about 500 hours. From this, and direct
pressuremeasurements,we concludedthat the beam
heatingfrom multiple scatteringon residualgaswas
foundto besmallcomparedto IBS predictions.« Otherpossibleeffect suchasnon-linear resonnances
or beam-beam effects have also been considered.
However, wedonothavefirm quantitativeresults,due
to theinherent complexity of suchsimulation.

CONCLUSION

The Luminosity lifetime at the beginning of good(i.e.,
small unknow beamlossses)storeis about 9 to 10 hours,
andincreasesto 15to 20hoursat theendof thestore.This
lifetime is quantitatively ( ¬²±U¯�° , relative) understoodin
termsof beamlossesandemittancegrowth. We compared
theseemittancegrowth rateswith the IBS prediction and
found semi-quantitative agreement. ( ¬³¯3´µ° ) This work
allows usto havesomeconfidencein themodel describing
various luminosity upgradescenarios[1]. We areplanning
to operate thecollider at a peakluminosityof ¶0· ¶�±�´^¸q¹ by
raisingbothproton andantiproton beamintensities,while
preserving thecurrent emittancesat injection.Under these
circumstances, IBS is significant for bothbeams.The lu-
minositylifetime will thenbe ¬®¯0· º hours.
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